Propidium monoazide (PMA) and ethidium monoazide were used for enumeration of viable Listeria monocytogenes cells in the presence of dead cells. PMA had no antimicrobial effect on L. monocytogenes. Viable cell counts were linearly related to real-time PCR threshold cycle values for PMA-treated cells from planktonic and biofilm sources over a 4-log range.
1/2b; isolated from a clinic in Canada in 2002), SK1389 (serotype 1/2c; isolated from a clinic in England in 2002), SK1403 (serotype 4b; isolated from food in the United States in 2002), and SK1420 (serotype 1/2a; isolated from food in the United States in 2002). These strains were obtained from the culture collection of Sophia Kathariou of the Department of Food Science, North Carolina State University. The bacterial cultures were handled essentially as described by Pan et al. (11) , using tryptic soy agar or tryptic soy broth supplemented with yeast extract (TSB-YE) as the growth medium (Difco Laboratories, Detroit, MI). EMA (C 21 H 18 BrN 5 ; phenanthridium, 3-amino-8-azide-5-ethl-6-phenyl bromide; Molecular Probes, Inc., Oregon) and PMA (C 27 H 33 Cl 2 N 6 ; Biotium, Inc., California) were prepared, stored, and used as described in previous studies (7, 8, 9) . Briefly, EMA and PMA were dissolved in 20% dimethyl sulfoxide to obtain stock solutions having concentrations of 12 and 2.5 mM, respectively. Since temperature plays a role in microbial cell membrane permeability (6, 16) , the effect of temperature on the lethality of EMA (or PMA) for L. monocytogenes cells was investigated. In order to obtain a postexponential-stage culture for this study, the bacteria were incubated in TSB-YE for 11 h at 25°C. Equal volumes of the four cell suspensions (ca. 10 8 CFU/ml) were pooled. The fourstrain mixture was preconditioned at four temperatures (5, 15, 25, and 37°C) for 2 h before it was treated with either EMA or PMA (490 l of cell suspension with 10 l of a dye stock solution) at room temperature in the dark. The lethal effects of 240 M (100 g/ml) EMA increased with the incubation temperature from 5 to 37°C (Fig. 1A) . However, 50 M PMA did not show any lethal effect (Fig. 1A) . Following incubation with the dyes for 5 min in the dark, similarly prepared cells were exposed for 5 min to a 600-W halogen light source placed 20 cm directly above 500-l samples in open microcentrifuge tubes on chipped ice (to prevent heating). This resulted in a Ͼ6-log 10 reduction in the number of EMA-treated cells (Fig.  1B) , but no reduction was seen in the number of PMA-treated cells (Fig. 1B) . The MICs for EMA and PMA were determined using twofold serial dilutions of the dyes, and cells were kept at 37°C in TSB-YE in the dark for 16 h. The MICs of EMA and PMA were 240 and 1,600 M, respectively.
Rudi et al. (15) investigated the exclusion of EMA from viable Campylobacter jejuni cells by using inhibitors of efflux systems. They found no evidence that efflux pump systems were responsible for excluding EMA from viable cells (15) . The effects of temperature that we observed for EMA toxicity may have reflected changes in cell membrane fluidity or permeability. PMA apparently cannot penetrate through the viable cell membrane of L. monocytogenes. This may be due to the higher positive charge of the PMA molecule than of the EMA molecule (8) .
Effects of PMA and EMA on DNA amplification in PCR. The four-strain mixture of exponential-stage cultures was subjected to heat treatment for 10 min at 80°C to generate a dead cell population. Aliquots of viable or dead cell suspensions were treated with EMA or PMA as described above. After light exposure, the cell suspensions were harvested by centrifugation at 6,000 ϫ g for 5 min. Genomic DNA from the cell pellet was isolated using a DNeasy blood and tissue kit (Qiagen) by following the supplier's protocol for gram-positive bacteria. Forward primer 5Ј-GCGGATGTGATTGATTTA C-3Ј and reverse primer 5Ј-AAACTGCACTAACTCTTGAA T-3Ј were used to target a 78-bp fragment of the prs gene which is present in all Listeria species (2). Real-time PCR amplification was performed with a 96-well thermocycler (iCycler; BioRad Laboratories). The reaction mixtures (25 l) consisted of the primers (300 nM), 4.0 l of template, and 12.5 l of 2ϫ iQ SYBR green Supermix (catalog no. 170-8882; Bio-Rad Laboratories, California). The cycling conditions were as follows: 94°C for 3 min, followed by 35 cycles of 94°C for 20 s, 58°C for 30 s, and 72°C for 25 s and then a final step of 72°C for 10 min after the cycling was completed. Threshold cycle (C T ) values were automatically generated by the MyiQ (Bio-Rad) software.
The C T values for EMA (240 M)-treated viable cells increased by 0.8 cycle to 4.5 cycles as the preconditioning temperature was raised from 5 to 37°C (Fig. 1C) . However, there was no difference in C T values for PMA (50 M)-treated cells (Fig. 1C) . The C T values for killed cell aliquots treated with EMA or PMA were not different with different preincubation temperatures (Fig. 1D) . The concentrations of the two dyes used in this study have been reported to be the optimal concentrations for enumeration of viable cells (7, 9, 14, and 15) . A lower concentration of EMA (50 M) was tested along with a higher concentration (240 M), as well as with 50 M PMA, to examine the efficiency of viable cell enumeration. For L. monocytogenes viable cells, there was no statistically significant difference between the higher concentration of EMA (240 M) and the lower concentration of EMA (50 M) (data not shown).
Optimization of PMA treatments for L. monocytogenes. To optimize the PMA treatments, viable cell aliquots and killed cell aliquots were treated with different concentrations of PMA or subjected to repeated PMA treatments. The C T values for the killed cell aliquots (approximately 2.4 ϫ 10 7 cells/ml) treated with PMA (50 M) two or three times were similar, 10.7 Ϯ 0.35, and the average value was 2.8 cycles more than the value for the aliquots treated only once. (Table 1) were subjected to real-time PCR as described above. Each mixture was subject to PMA treatment twice at room temperature to ensure maximum binding of PMA to free DNA or DNA from dead cells. Three replicates of each mixture were used to determine correlation coefficients (R 2 ) for C T values and viable cell counts (CFU/ml) with various concentrations of dead cells (Table 1 and Fig. 2A) . A linear relationship between C T and the number of viable cells (R 2 , 0.9816) was observed as long as the ratio of dead cells to viable cells was no greater than 10 4 and the minimum number of viable cells was not less than 10 3 CFU/ml ( Fig. 2A and Table  1 ). This is similar to the results of the EMA-PCR analysis of C. jejuni reported by Rudi et al. (15) . We found that the minimum number of DNA copies that are available for PCR analysis and the fraction of dead cells in a viable cell-dead cell mixture are two critical factors that could limit the range of the PMA-PCR assay.
Quantification of viable cells of L. monocytogenes in sanitizertreated biofilms by real-time PCR. Stainless steel coupons (T-316; no. 7 finish; 82.5 by 25 by 1.6 mm; M. G. Newell Corp., Greensboro, NC) were used to form biofilms of the four-strain mixture of L. monocytogenes as described previously (11) . Briefly, following 3 h of cell attachment in a prepared suspension of the four-strain mixture (ca. 10 8 CFU/ml), the stainless steel coupons (a total of 40 coupons) were submerged in 10-fold-diluted rich medium (TSB-YE) and incubated at 37°C for 48 h, allowing biofilm formation. After biofilm formation, three sets of 10 coupons were then treated with a peroxidebased sanitizing agent (Matrixx; 100 ppm; pH 3.8; Ecolab, St. Paul, MN) (one set each for 1, 2, and 3 min). A control group (10 coupons) was treated with saline (0.85% NaCl) in place of the sanitizer. Following neutralization with a 0.1% sodium thiosulfate-phosphate solution (pH 7.0), biofilms were then detached from the surfaces of the coupons using sterile cottontipped swabs (11) . The detached biofilm cell suspension from each coupon was concentrated to 1.5 ml by centrifugation. Two aliquots of the concentrated cell suspension from each coupon were transferred into 1.5-ml microcentrifuge tubes for PMA treatment (two treatments with 50 M PMA) in 500 l (total volume), followed by DNA extraction and real-time PCR. The remaining cell suspension from each sample was used to determine the viable cell count. The viable cell density in nonsanitizer-treated biofilms on stainless steel surfaces was approximately 10 7 CFU/cm 2 . The viable cell count decreased with increasing exposure to the sanitizer. There was a linear relationship (R 2 ϭ 0.96) between the C T value and the number of viable biofilm cells when the estimated ratio of dead cells to viable cells was no more than 10 4 (Fig. 2B ). We found that PMA, in combination with real-time PCR, could be used for quantification of viable cells of L. monocytogenes in suspensions in which the ratio of dead cells to viable cells was no more than 10 4 and the concentration of live cells was no less than 10 3 CFU/ml. Cell suspensions prepared from broth cultures and from biofilms gave similar results. Compared with EMA, PMA was not found to penetrate live cells, as determined by the toxicity of the two dyes. Use of PMA with This investigation was partially supported by Pickle Packers International, Inc., Washington, DC.
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